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Abstract

A computer program for determining the transmission of birefringent filters

is described. This program is used for the following investigations:

(a) The feasibility of the construction of a birefringent filter that will work

simultaneously for wavelengths of 3933. 3, 6562. 8, and 10630. 3 Angstroms. These

three wavelengths are of particular importance for solar studies.

(b) The off-axis characteristics of golc filters.

(c) The tolerances required for the elements of a . olc filter.

(d) The influence of imperfect polarizers on the transmission characteristics

of Lyot filters.
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A Ray-Tracing Program for Birefringent Filters

1. INIUGMh.TnON

Birefringent filters utilize the variation of the retardation of birefringent plates

with wavelength to isolate certain regions in the optical wavelength spectram. T'_%!s

variation is due mainly to the variation of the plate thickness expressed it, wave-

lengths. In the most frequently used materials, quartz and calcite, it is c:ounter-

acted ty an increase of the birefringence with wavelength.

The above-mentioned principle to isolate certain wavelengths was probably first

applied by Mascart (1874) when he used it to separate the sodium D I and D.2 lines.

Today, the best known applications are the Lyot-Ohman type filter (Lyot, 1944;

Evans, 1949) and the golc type filter (§olc, 1959; §olc, 1960; 9olc, 1965; Evans,
4IL  1958). The L fot filter, in its basic form, consists of a chain of independent seg-

ments each composed of a birefringent plate placed between either crossed or par-

allel polarizers having angles of 45 deg with the plate's retardation axis. One such

segment produces periodic intensity patterns in the spectrum of the transmitted

light, the so-called channel spectrum. The thickness of successive segments differs

by factors of two in the Lyot Filter, thereby suppressing the entire spectrum except

for those regions where all the segments have simultaneous transmission maxima,

One of the disadvantages of this filter is its low transmission due to the great num-

ber of polarizers used. Evans (1949) introduced a modification of the Lyot-Ohman

(Received for publication 21 June 1965)
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filter that eliminated about half of the polarizers, thereby substantially improving

the transmission. The Solc filter cn the other hand needs only the minimum number

of polarizerb - two. It consists of a chain of identical retardation plates with vary-

ing position angles placed between two polarizers.

In the case of the simplest Lyot-Ohman and golc filters, it has been poss'.bie

to give analytical expressions for the filter transmission for on-axis rays [see, for

exarmple, Lyot (1944) and Evans (1958)] . For any possible arrangements of re-

tardation plates and polarizers the computation of the transmission in the form of

analyiical expressions becomes very difficult. Therefore, it seemed desirable to

write a computer program to determine the transmission of any chain of retardation

plates and polarizers for on-axis and off-axis rays. This paper describes such a

program. The utilization of imperfect polarizers is also included, since Giovanelli

and Jefferies (1954) predict that the use of imperfectly polarizing polarizers may

improve the transmission characteri.;tics of Lyot filters. Section 2 describes the

details of this ray-tracing program, and Section 3 describes some of its applications.

2. DESCRIPTION OF THE COMPUTATION PPOGR %M

2.1 O-Axis Rays

Jones' calculus (Jones, 1941; Shurcliff, 1952) was used in the computation of

on-axis rays. In this calculus each retardation plate or polarizer is mathematically

represented by a set of two matrices, S(P) and N, both having two rows and two

columns. The change in polarization made by one such element on a light wave of

the complex form

E X = A x exp [C x + 2irpt)] and Ey A y exp [i(Ey + 2irvt)] (1)

is given by

S() NS(-fl) , (2)

y

where p is the angle between the element axis (polarization or retardation axis)

and an arbitrary x axis.

The expression for S is:

SO) Co sin (3)

sin cosp
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The expression for N for polarizers is:

N ( ) (4)
(0 P2

where p, is the transmission along the polarizer axis and P2 is the transmission

at right angles to p, with PI > P2 .

For a retardation plate, the expression for N may be written as:

e 7l 0)

0 e(

with y being a quantity dependent on the plate retardation (for on-axis rays) in

the following manner:

y = rd(c - w) , (6)

where d is the plate thickness, and c and w, as usual, the refractive indexes

for the extraordinary and ordinary rays, respectively.

For a chain of polarizers or retarders, Eq. (2) is modified to

S(Pn )N nS(-P n ) S(+ l ) N I S(-P2) -(pN S(M (7)
S( n n(' n S/3- ) n-1 "" y Ey

which, according to Jones, can be further simplified by the relation

S(-Pi) S(3i- 1 ) = S(.i_ I - i )  " (8)

The matrix M is found by evaluation of the matrix product in Eq. (7). The result

will be a 2 by 2 matrix with complex elements. For ideal unpolarized incident

light the filter transmission of the chain can be shown to be equal to the sum of the

products of these matrix elements with their complex conjugates.

The computation of M is very much simplified and speeded up in the case

where the filter starts with an ideal polarizer (P2 
= 0). Taking the x-axis to coin-

cide with the axis of this polarizer (pi, = 0), the first two elements of the matrix

muitiplication, Eq. (7), reduce to

(r 0) (9)
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rhe last column of every subsequent multiplication will consist of zeros, and can be

omitted in the multiplication.

The progrzm is aritten in FORTRA% II!) language for an IBM 1620-11 computer

accord:ng to the calculus explained above- It is listed in Table 1. Essentially, it

consists of the evaluation and multiplication of the S and N matrices, and the

de ermination of the filter t-ansmission from the product M . Each of the elements
of the filter is specified by a punch zard specifying the type of element (polarizer.

quartz or calcite retardation plate); the orientation of the element's axis with respect

to an arbitrary x-axis; p. . the imperfection of the polarizers (from now on p, is

taken equal to I1: and. in case of retardation plates, their thickness (mm).

Th- coefficient of birefringence that is used to compute Y is determined by the

following expressions.

For qiartz the expression is written as:

- . S. 8541 WD 10 - 3 + 1.07057X 10-4 ) 2  !.9893X 10 6 4

- 1. 7175 X 10 4  A2 A t X W!06 x(! 0 t/900)

X(!.01- 3.2X A2) (10)

and for calcite the expression is written as:

(, -. ) - 0.163724 - 3.15X 10-3IA 2 - .896X 10-5 /A4

-2. 911 X 10-6/i, 6 + 3. 037 X 10- 3 X A 2 4 2. S4

x 10 - 4 X - 2. 52 X 10 "5 x )XA -10-5

* [t(. 044 - 0. 16) + 0.00013 t 2 ] , (01)

where A is expressed in micror.s and t is degrees centigrade.

Equation (10) was taken from a paper by M.J. Mace de Lepinay(1a92); Eq. (11)

was derived from the data for calcite given in the International Critical Tables.

The expression for calcite is only valid for wavelengths () between 3500 and

15, 000 A and temperatures (t) in the vicinity of 40C. It fits the data to within

0. 01 percent.

2.2 Off-Awis Iw.

In case of off-axis rays the retardation of the quartz or calcite change.1 w'ith an

amount depending on the angle of incidence (W) and the azimuth of the incident ray

(o) . (The incident ray o is measured from the direction of the optical axis of the



Table 1. Ray-Tracing Program in Fortran lIII

[C TRMISSION PROFILE OF A SINEFRNNGENT FILTER
C MAIIM MNEGN OF ELEMENTS IS 50
C SoS.! ON'.PINTS OUT THE FILTER COMw:m1AaTIa.
C 5.5.2 OMOAT EN GOES TO NEW FILTER
C SS.Z OFF-AT ED WOES TO NEW WAVELENGTH ANGE M ANLE OF INCI7DIMENSION A1999309X129419Y129*19SIG)

DIMENSION SIZ21oCIZ)

C FORMAT STATEMENTS

100 FOWAT139F.1l1
101 FONMATI*1O*FG.2.F9e53
102 FORMATEFS.4I492F4.21I103 FO@MATf@IMUA1.F1@.7.9H LAM11DA2f Oo1.12N NO* POIETSUIS.TN OEGA

1WF7*299H PHI-FT.2//$
I0" FOFAAT16SUTVPE WAVELENGTH INTERVAL IMICROM) AND NtWEER OF POINTS IN

1 2FS.4,I4I
105 FOMAT133H AND OMEGA AND PHI1DEG*1 IN 2F4.2l
200 FONMAT1I4.2X.11E9o2f1
202 FOSSAT114ATEE ATURE *FSe1.ROH DEGeCEMT/1
203 FOAT I466ELENEXT MATERI1AL. OR IENTAT ION THICKNESS

1 CROSS)
206 FORMATIT1H IDEGREES) oo

I TRANSMISSION/1
205 FOUIAT13210DOLAnIZER M72.22H

204 FCRAT32HDETPLATE OUARTZ F70208" f 10061
207 FONAT32HREToPLATE CALCITE F7.2.*H FIO.4I
300 FORMATIMX

C DEFINITION OF PARAMETERS

43 NEAD 100909T
READ 1@1IEA4I9JI.Js1993I=ul.N
IFISEMSE SWITCH 1130.31

30 PUNCH 202.9T
PUNCH 203
PUNCH 204
DO 32 1-1.1
IFfA I 913-1%5)33*33#34

33 P UNC H 2059AII.U.AI 1.31
SO TO 32

34 IF1AII,1I-2e5f35o35#S6
3S PUNCH 2069A4I21*A(I,30

GO TO 32
35 PUNCH 20?9A(l921*A(lv33
32 CONTINUE

PUN4CH 300
PUNCH 300

31 Dus017453293
EsA( 121
DO 20 JoloN

20 A(J,21wA(J9&--
DO 70 Js29N
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Table L. f~iued)

IFIAIJ*1 3-1.5371 .710
71 AlJ933wS0TFAlJ*33 3
T0 CONTINUE
42 PRNTm 104

PRINT 109
ACCEPT 102.M1 .V2 .NEGA.q!
PUNCH So0

PUNM 1039Wv! ouM9.nEAv~ PHI
ONEG IGEGA-cl3o
PHI-PH 300
DO G" fait$

'" S1I10..6
(I .1
LL ml
FOE"
V2.EVZ-V1 3l/IPS-I.

C TRANSISSION COMPUTATIONS

DO 1 Iule"
KS .
FJwJ-1
UMI#FJOW2
P-WMV
0-Pp

ClI 3.PNSOSEW9T3
C12 3-PSOCSI W.Tl

65 00 2 ColeN
IFIX-1121921922

21 OSS..0
CALL. HATXSEI.VIT
YE 2.313 -.
6O TO 13

22 IFEAlKll-1.535o5.6
6 KAA(Koll-le

IFEPHII?9798
7 S=uSKAI

C30 TO 9
4 OM-OMEGA-AlKoZIOD

UZSINFEPHI I
Z~COSF I 013**2
S8=SIKA3'E1.-EZZ*ZZ*( EZ/CEKA) 3-(Io1-Zi/ECIKAISIKAI 333 /2eZ.C(KA3I
13

9 Go-3.141592?@AEK.33'(loEI33*SS/W
XE 1.11sCOSF(GI
XE1.921SINF(GI
X(Z.3)sXI 1.13
X1294 1u-XE1.23
G0 TO 11

5 X(191)610
XE 1921so0
XE 2.3 .A 1K .3
XE 2.4 -.0
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Table 1. #oninced)

XII941000

CALL HATNMIX*Tl
IFIK-opl13.14.14

13 0IS-A(21-A1K-1vZI1eO
60OTO 1s

14 GOAK921*
is CALL NATISONoEI
2 CALL NATHM6K.Y3

00 12 L0192
00 12 NWI.2

12 T~wTft+V1L*MNf*2

61 6O TO 1629319KK
62 SILLIsTR

DO 64 KSZ.UN
44 Af.82)wAEK8.ZI-90.

KK-2
GO TO GS

63 S1LL~sA1.3:*T*+S1LL1
50 " KSU2 to

66 AfKS.21sAfK8O.2)+90o
GO TO 67

60 S1LL)sTE
67 IFILL-8140941941
41 PUNCH 2009KL94S1LL)*LLm.IS

KL&CL.1
LL *
6O TO 1

40 LLwLL+1
1 CONTINUE

PUNCH 20ipKLvfSILL1*LL-I.61
PAUSE
IFISENSE SWITCH 2143.,42
END

C DESCRIPTION OF SUBROUTINES
C BRFRCS=BIREFRINGENCE OF CALCITE
C SRFRO~aSIREFRINGENCE OF QUARTZ
C FNOCB=REFRACTIVE INDEX ORDINARY RAY FOR CALCITE
C FMOGSuREFRACT lYE INDEX ORDINARY RAY FOR QUARTZ
C MATMPB&MATRIX MULTIPLICATION FOR 2X2 MATRIX WITH COMPLEX ELEMENTS

C ONLY FIRST COLUMN IS COMPUTED

C MATRX~sGENERATION OF S MATRIXI
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crystal. See Figure 1. ) This changes Eq. (6) for y according to Evans (1959) to:.

-Y ard ffx, ;a.* €,O1 (12)

where

neglecting powers of v equal to or higher than 4. The only change necessary in

the computer program is to replace te - w) in Eq. (6) by the f defined in Eq. (13).

and to add the computation of a for each birefringent plate.

Figure 1. Definitionof a and v

Special cases of Eq. (13) are: for a - 0 deg

f 47 (14)
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and for a Sdeg

f ) - (I )+ . (14a)

This shows the well-knmwn decrease in retardation for rays with a - 0 deg and in-

crease for those with an o z 90 deg. For an a between these two extremes there

is no change. This angle a o is given by Eq. (15):

tan v °  -E .1/25

2.3 Imp ede lsam

For reasons explained in Sec. 2. 1. the computer program was written for a

filter that starts with a perfe-t polarizer. In case the first polarizer is imperfect

(P2 * 0) the transmission may be found by computing the transmission T1 of a

filter with a perfect first polar zer and the tran3mission T 2 of a filter with a

perfet first polarizer rotated over 90 deg with respect to the first one. The trans-

mission of the filter, for unpolarized light, with the imperfect first polarizer can

then be shown to be p 1
2 T1 + p2 T2 or, since p 1 was always taken equal to 1,

1 2 2T 1 + P7 T 2 .

3. APPUCAIONS

3.1 hsasdid~m

The ray-tracing program was used in four applications. In the first the on-

axis transmission was determined for a birefringent filter of the Lyot type which
0

was designed to operate at wavelengths of 3933. 3. 6562. 8 and 10, 830. 3 A Com-

promises were made in the thicknesses of the retardation plates in order to have

the filter overate at these three wavelengths. Because of this, the filter will have

leaks that are larger than those in a perfect Lyot filter at wavelengths away from

the three main bands. The first application will assess the magnitude of these leaks.

The angular field of §olc filters will be determined in the second application. So

far, this angular field has not been determined theoretically. In the third applica-

tion, the prediction made by Giovanelli and Jefferies (1954) on the improvement of

the characteristics of the Lyot-filter transmission by using imperfect polarizers is

I ,,-ck# : and found true. The last application is concerned with the tolerances in

plate thicknesses and angles required for satisfactory performance of olc filters.
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.2 A W&bu4atv dlbw Gw dw So w LU*md UM0mE [A

3.2.1 DESCRIPTION OF THE FILTER

3.2. 1. 1 Introduction

In the past the fi-m of Bernhard Halle NachfL of West Berlin has furnished

several birefringent filters for the K line (3933 A). This filter is very sophisticated

in that it involves a large number of elemerits; its 1/4 and 1/2 waveplates are made

from two pieces of quartz with their optical axes crossed, and it has calcite-glass

polarizers for high transmission in the ultraviolet. The filter is costly to build.

Clearly, if such a filter could be used at more wavelengths than the K line (3933 A).

(for instance, H. (6563 A) and He I (10830 A)] , its usefulness would be enhanced.

All three of these wavelengths are of great interest to the solar astronomer. The

line H. is commonly obaerved with birefringent filters equipped with sheet polar-

izers. However, at i," I only comparatively wide passband birefringent filters

have been used on prominences. A 10830 A filter requires calcite-glass polarizers.

We shall try to select a set of thicknesses for the K filter that will also work at

the other wavelengths, preferably with no change in temperature. Such a solution

means that the filter could be tested at H. , which is in the visible and would never

have to be checked in the infrared at He L

3. 2. 1. 2 Design Criteria

A number of design specifications must be met for this filter. Descriptions of

these specifications are given below.

(1) Bandwidth

The bandwidth at the K line must be less than 0. 15 A so that the K2 peaks can

be separated from the K3 central emission. The passband of the He I line must

be less than I A, preferably as narrow as 0. 5 A, to ensure adequa'e contrast of

solar detail on the solar disk. The H. bandwidth must be less than 0. 25 A, also
to ensure adequate image contrast and good separation of the chromospheric images

in the different parts of Ha

Preliminary calculations showed that a 0. 5 A element for the He I line would
0

give 0. 06 A at the K line, which is almost too narrow. Therefore, it was decided

to separate the thickest calcite element from the rest of the filter.

Using the thick element, the final design gives a 0, 20 A filter at the H line,
0. 59 A at the He I line, and C, 06 A at the K line. Without this element the band-

widths are doubled.

(2) Tuning

It must be possible to tune the K-line filter at least ± 0. 3 A to obtain the K2

peaks. To do this, at least three elements, and preferably four elements, in addi-

tion to the separable thickest element need to be tuned. The filter either must have
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its elements immersed in oil with mechanical gearing to the tunable elements or it

can be split into two more groups of elements, each cf which has a tunable thick

element at the ends. The latter approach was chosen for mechanical convenience

and because the sun could be reimaged withia each of the gro -ps of elements so that

more light flux could be transmitted. Furthermore, tuning all five of the thickest

elements means that all the calcite e!ements are tuned and need not be made to any

particular thickness. This is a great advantage since the index.es of calcite vary so

much from piece to piece that it would be difficult to predict a solution for all three

wavelengths.

A birefringent filter element is most easily tuned by adding a 114-wave plate to

the element and then rotating the preceding polarizer. If one attempts this with

calcite-glass prism polarizers the extra unused images begin to overlap in the image

plane of the objective. One solution is to add 1 /2-wave plates between the polarizer

and 1/4-wave plates and rotate them. This is the solution that was chosen.

(3) Angular Field

In order to transmit as much light as possible the angular field of the filter

must be as wide as possible. The simplest wide-field arrangement is to divide the

element and insert a 1/2-wave plate in between. All the components must be properly

oriented, of course. This is the method chosen for the filter. The elements can be

made wide field until the thickest element again limits the angular field. If the

thickest wide-field element has a field of f/23 (0. 11 A at the K line), then there is

no gain in making the 1. 8 A quartz element wide field since it already has a field of

f/21. Thus the five thickest elements must be wide field. The filter has fields of

f/23 at the K nire (0. 114 A element) f/22 at the H. line (0. 2 A element) and f/16 at

the He I line (0. 59 A element).

(4) "Split-Element" Construction

In order to conserve polarizers the entire filter must be arranged with Evans'
"split" elements. Here, a simple birefringent element is divided into two part _ni

placed on both sides of another clement. The only criterion is that the polarizers

must have their axes crossed, and that the order of the split - nent total an integer

plus 1/2. The order or the internal element may be an integer plus either 1/2 or

zero. In the former case the optical axes of the split components must be perpendi-

cular, in the latter they must be parallel.

We must now choose the thicknesses for the elements of the filter that cannot

easily be tuned. If we want to use the element for the outer plates of a "split"

element, we must look for thicknesses of quartz whose order numbers exceed in-

tegers by 1/2 for all three wavelengths at the same temperature. If we find a solu-

tion with integer orders for all three wavelengths, we may use this element as the

central component in the "split" element.
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A simple computer program was written to find all the thicknesses whose

order number was coincident for the three wavelengths. Tolerances of 1/20th of

an order were placed on each thickness. From this table se selected a set of thick-

nesses that were as near as possible to the I : 2 : 4 : 8 : ... ratio required for the

simple birefringent filter. It was, of course, impossible to meet this requirement

exactly since solutions do not exist. This is true for any split element filter since

elements whose order is an integer plus 1/2 cannot add up in such a progression.

The solution is indicated in Table 2 and Figur , 2. The deviation from perfection

can be estimated from studying the order numbers. It is, of course, only bj chance

that such a solution exists.

The results of the ray-tracing program to be described in Sec. 3.2.2 show

that the chosen solution really contributed very little in parasitic light. The

solution favors the K line bacaume the center of the K lh:e is only 4 percent

of the continuum. Any parasitic light in the continuum is almost 25 times more

detrimental than it would be at the He I line where there is no strong absorption

line.

The F element is required only if one wants to observe K and H simul-

taneously. It is not designed to work for He I . The E 4 element is the thickest,
and necessary for He I . It would not really be required for K and Ha , although

a narrow H filter is very useful.

(5) Waveplates

The waveplates pose a final problem. They must work at all three wavelengths.

This may be accomplished by "achromatizing' the waveplates by using calcite com-

bined with quartz. We did not investigate this method. We found that nature gave

us a happy solution. For quartz a thickness of . 50 orders at He I is almost

exactly 2. ,0 at Ha and is almost exactly 4. 50 at K. These higher order plates

are used for 1/2-wave plates. The 1/4-wave plates use just half the thickness of

these.

Using a high-order plate means that the waveplate will deviate more rapidly

from 1/2 wave as one progresses away from the central peak. This is not serious

because we plan to combine the filter with dielectric interference filters and be-

cause only the last five elements contain waveplates.

The ray-tracing program shows (Sec. 3. 2. 2) that the effect of high order wave-

plates is small. Since the waveplates are presently being made from two pieces of

quartz anyway it is a simple matter to specify slightly different thicknesses and ob-

tain a plate useful for all three wavelengths.

(6) Optical Arrangements

In order to transmit as much flux as possible we image the sun inside of each

of the large sections E , E3 0 and E 4 . A field lens, cemented to the end of each
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Table 2. Composition of the Filter for the K. H a end He I Line

ELEMENT ORIENTATION THICKNESS *TRA O

I DEGREES I I N Me f 3933."6 A 6S62.61 A 10630.3 A

ELEMENT El

POLARIZER 00
QUARTZ 45.0 .565250 13.746 7e752 4.541
QUARTZ 0.0 2.261000 54.961 31.010 18.14
QUARTZ 45.0 * 56525~0 13.17.6 7.752 4.541
POLARIZER 900
QUARTZ 45.0 I2.313500 56e264 31.730 16.565
QUARTZ 0.0 .657000 15.976 9.011 5.270
QUARTZ 45.0 2e313500 56.24 31.730 16.565

ELEMENT E2

POLARIZER 0.0
QUARTZ VAR* 0164000 4o474 2o523 1.476
QUARTZ 000 .092500 2o249 1.266 o743
CALCITE 45.0 14.166000 6693.213 3664.493 2124.504
QUARTZ 0.0 .184000 4o474 2.523 1.476
CALCITE 31500 14.166000 6693.215 3664o493 2124.504
,'tLAR IZER 000
QUARTZ 45.0 16.390500 447.256 252.235 147.742
QUARTZ 0.0 4@046000 96.447 559520 32e520
QUARTZ 31590 16.390500 447.256 252.235 147*742
POLARIZER 9000
CALCITE 45.0 70093000 3346.606 1632o246 1062.252
QUARTZ 0.0 .164000 4e474 2.523 1.478
CALCITE 315.0 7.093000 3346.606 1632o246 1062.252
QUARTZ 0.0 .092500 2.249 1.266 o743
QUARTZ VAR. 0184000 4.474 2o523 1.478
POLARIZER 000

ELEMENT E3

QUARTZ VAR. .164000 4o474 2.523 1*478
QUARTZ 0.0 o092500 2.249 1.268 .743
CALCITE 45.0 3.546500 1673.303 916.123 5319126
QUARTZ 0.0 .164000 4o474 20523 1.478
CALCITE 315.0 39546500 1673.003 9164123 5319126
POLARIZER 000
QUARTZ 45.0 49574500 111.251 62.741 36.749
QUARTZ 0.0 186114000 440.032 246.442 145.520
QUARTZ 313.0 4*574500 111.251 62.741 36.749
POLARIZER 9000
QUARTZ 31500 36.873500 896.762 5050736 296.227
QUARTZ 0.0 .184000 4.474 2.523 1.478
QUARTZ 45 :; 36.8173500 896*762 505:738 296.227
QUARTZ 0.0 .092500 29249 1.268 o 743
QUARTZ VAR. .184000 49474 2.523 1.478
POLARIZER 000 ___________
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Table 2 (Continued)

ELEMENT E4

OUARTZ VAR. T o184000 4o474 29523 1o478
OUARTZ 000 o092500 2o249 1o268 o743
CALCITE 45.0 28372000 13386*426 7326.966 4249.009
OUARTZ 0.0 .184000 40474 2.523 1.478
CALCITE 315.0 28.372000 13386e426 7328986 42490009
POLARIZER 0.0

OPERATING TEMPERATURE a 42.0 DEGREES Co

element, forms an image of the objective on a diaphragm. Because the calcite-

glass polarizers do not absorb any light, there will be a large number of images of

the objective present. The desired one must be selected by the diaphragm. The

deviation of the polarizers needs only to be equal to the angular field of the filter.

At each diaphragm there will be a reimaging lens that will form an image of

the sun inside of the next group of elements. Finally, before each group of elements

there must be another field lens that collimates the diaphragm so that the axis of

each cone of light to every point in the field is parallel. This ensures uniform

spectral transmission over the field. It may be necessary to add a field flattener

to take out the curvature of field introduced by the field lenses.

Considering the expansion inside of each element using the maximum angular

field of the filter, the useful field aperture is about 26 mm for a 30-mm clear-filter

-aperture. To photograph the entire sun one could use a 5-in. diam objective for K

and Ha and a 7-in. diam objective for He I .

3.2.2 TRANSMISSION OF THE FILTER

'""he transmission profiles of this filter are determined for 200 A intervals

centered on the K , H , and He I lines. In order to measure all the details ofa
these transmission profiles one has to compute the transmission profiles at wave-

length iniervals that are a fraction of the halfwidth of the main transmission band

of the filter. In the present calculation this fraction is taken as approximately 1/3.

The results for the three transmission bands follow.
0

3. 2. 2. 1 The K Line (3933.68 A)

For the observation of this line the elements E I, E2 and E 3 will be used

giving a halfwidth of the main transmission band of 0. 114 A. The transmission is

calculated at 0. 04 A intervals. The directions of the tunable Ai'2 plates are taken

such that the main band is centered on the K line. These orientations are given

in Table 3. (Orientation is given with respect to the first polar~zer, positive when
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clockwise in Fig ure 2.) Figure 3 gives the transmIsSion profile for this filter.

The transmission at maximuxm is qO. 6 percent. This res.;.t disregards ight losses

due to reflection and absorption. The dcviations from a pt rfect filler are very

small on the K line Feca--se many of the retardation piate thicm-esses %ere tabi,.

close to the theoretica! value for K and because the adjustment of th- calcite plate

thicknesses to those for quartz was best for K .

From the graphs given in Figure 3 we determined the total amount of parasitic

light (light in secondary maxima) in various intervals around the main band. This

amount, expressed in the total transmission of the main band, is given in rable 4

for both an equi-energy density spectrum passing through the filter (TpT m ) and

for a soiar absorption line spectrum (I / m ) passLig throtigh the filter. The data

in Table 4 are also given in Figures 5 and 6.

Table 3. Orientations of the X/2 Plates
for the K-Line Filter

A/2 Plate Orientation
Number

1 51.80

2 64. 10
3 35.50

4 2. 3

Table 4. Relative Amount of Parasitic Transmissions for
Bands of Various Widths Centered on the K-Line

0

Bandwidth (A) TT(%) p/1 M.)

2 11.2 25

4 12.5 28

8 13.4 35

13 13.5 36

32 13.6 38

64 13.8 42

128 13.9 46
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3. 2.2. 2 The H* Filter (6562.81 A

Corpuatinswere mad for a filter composed of elements E. E. andE

which together give a halfwidtb of the main transmission of 0.202 A. The trans-

mission is calculated for intervals ofO0. 08 A. Table 5 gives the orientations of the

1/2 plates go that the main band is centered on H. . Figure 4 give3 the trans-

mission profile of this filter. The transmission at maximum is 93.4 percent, gi

omitting losses due to reflections and absorptions. The strong bands about 95 A

away from H. are the next main filter maxima transmitted by the thinnest plate

in the filter. The many secondary maxima in between are due to the imperfect

matching of the retardation plates. Table 6 and Figures 5 and 6 again give TpITm
and 1p/1 In The increased amount of parasitic transmission is ot an serious as

it would niave been if it had been near the K line, becaiase the H. line in the solar

spectrum is weaker than the K line. The availability of better blocking (interference)

filters near Ha makes tue amount of parasitic transmission tolerable.

Table 5. Orientation of X/2 Plates for the H a Filter

k/2 Plate fOrientation
Number Il2

2 69.40

3 67.80
4 ~88.40

5 ~2. 3

Table 6. Relative Amount of Parasitic Transmissions for Band
of Various Widths Centered on the H. Line

Bandwidth T /T (%I) / m M

2 8.5 25

4 9.7 32

8 11.0 39

16 11.9 44

32 14.5 60

64 17.1 75

128 26.8 133



22

3.2.2. 3 The Ht-I Filter (10. 830. A)

For this in. the elements E 2 . E 3 . and E 4 will again be used giving a half-

width of the main transmission band of 0. 59 A. Calculations of the transmissions

were made at intervals of 0. 20 A. Table 7 again gives the directions of the k/2

plates. Fig-ire 7 shows the transmission profile of t.'e filter. Omitting absorption

and reflection losses, peak transmission is 94. 8 percent. The solar spectrum at

this wavelength is practically void of absorption ;ines so that TP/Tm a; IP/I.

Table 8 and Figures 5 and 6 g'tv these quantities.

Tisble 7. Orientation of 4/2 Plates for the He-10830 Line

x/2 Plate Orientation
Number

1 89.10

2 0.4'

3 67.30

4 4. 0"

5 88.20

Table 8. Relative Amount of Parasitic Transmissions for
Bands of Various Widths Centered on the He- 1C830 Line

Bandwidth (A) T /T (M)h / m (%)

2 4.8

4 7.0

8 9.0

16 9.9

32 12.4

64 16.7

128 19 1
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3.2.3 COXCLLSIONS

As the filter will be used with sunlight, one has to consider values of Ip /I

when assessing the parasitic light. Introdtction of parasitic light will reduce the

contrast of the structures that are normally visible only in the three lines. This

reduction of contras' is equal to 1 + ID / I . If one considers a contrast reduction

of a factor 2 tolerable, Ip/Im may be as macL as 100 percent. Th,, actual magni-

tude of Ip /I will be determined by the properties of the blocking tilters used with

the filter. The important quantity is the halfwidt, k the ti ansmissicn pro 'lis ef

these filters. In order to make Ipm/I small, interf.rencc filters wi'l hli % to ' e

used with a narrow transmissLon profile. An approximate v. e of Ip /I an b

obtained by reading the graph of Figure 6 at t" bandwittL t 'tai *o the halfwido of

the filter. The halfwidths of three filters which are ckrreitlj available are indi-

cated in Figure 6. Filters of still smaller halb' od r , available, but are not

plotted bccause of their low peak transmission. The k, :hest i /Im occurs for the

K line. It is 38 percent which we consider to be tolcrz b'*. In c )ntrast, the re-

sulting reduction is 1. 38.

3.30ffAxis Ckeeersties of Koe Filterm

3.3.1 DESCRIPTION OF THE VARIOUS 17IL CRS USED

In his papers, §olc (1959, 1960) describes four t% les of filters, all of which

use a pile of equal-thickness retardation olatvs betwee, two polarizers. The four

types distinguish themselves Ly the orientations of toe rit it-ation plates and pola-

rizers. In the first type, whic~i %,e will cail type A, a' pla, . make equal angles C

with the direction of the first polzAizer, but alternate btwei:n plus and minus c .

This type was called the folded filter by Evant MI53), T. - t is equal to 45 deg/N

where N is the number of plates. The thicknes" )f the pL.es is -uch that the

retardation at the wavelength of peak transmissin -s a, integer +1/2. The last

polarizer has to be at right 2ngles to the first one. rab.e 9 lists a filter of this

type that we have tested by co-nputation. In the second type filter (B), the plates

also make angles of 2c with eaoh other, but are noi,, arranged in a fan with the

first plate making an angle of c with the first pol,.rizer. The last polarizer is

now parallel to the first one. The retardadon of each plate, in this case, is an

integer for the wavelength of the transmission peaks. Table 10 lists such a filter

(§olc B). It is the equivalent of the golc A listed in Tak.le 9 and contains the same

number of plates.

Evans (1958) computed the transmission of these two types of filters, he

showed that these transmissions r,'c th san',. for filters of types A and B for an

equal number of elements. He also fourd these iirg! two types of Solc filters to be

inferior to the Lyot filter in the suppression cf parasitic light. The curves in
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Table 9. Composition of the §olc-A Filter*

Orientation Thickness Retardation
Element (deg) (mm) (656bi.73 A)

Polarizer 0
Calcite 3 1.546787 399.5
Calcite 357 1.546787 399,5
Calcite 3 1.546787 399. 5
Calcite 357 1.546787 399.5
Calcite 3 1.546787 399.5
Calcite 357 1.546787 399. 5
Calcite 3 1.546787 399.5
Cacite 357 1.546787 399. 5
Calcite 3 1.546787 30,-1. 5
Calcite 357 1.546787 399,5
Calcite 3 1.546787 399.5
Calcite 357 1.546787 399.5
Calcite 3 1.546787 399.5
Calcite 357 1.546787 399.5
Calcite 3 1. 546787 399. 5
Polarizer 90

Table 10. Composition of the Solc-B Filter*

Orientation Mhickness Retardation
Element (deg) (mm) (6563.73 A)

Polarizer 0
Calcite 3 1.548723 400
Calcite 9 1.548723 400
Calcite 15 1.548723 400
Calcite 21 1. 548723 400
Calcite 27 1.548723 400
Calcite 33 1.548723 400
Calcite 39 1.548723 400
Calcite 45 1.548723 400
Calcite 51 1. 548723 400
Calcite 57 1. 548723 400
Calcite 63 1. 548723 400
Calcite 69 1. 548723 400
Calcite 75 1.548723 400
(Jalcite 81 1.548723 400
Calcite 87 1.548723 400
Polarizer 0

Operating Temperature 42. 0C



26

Figure 8 give the transmission for the Solc A and B fiiters as listed in Tables 9

and 10 as well as the one for an equivalent Lyot filter. Later, by altering the

orientation of the optical axes of the birefringent plates, Solc managed to suppress

the secondaries very effectively at the cost of increasing the width of the main

maximum. By adding a few pates, this width could be reduced again so that a

filter actually was obtained with a lower amount of parasitic light than the Lyot

filter but with equal halfwidth. These altered orientations of the plates are defined

in golc (1960, 1965) papers. Tables 11 and 12 Hst two such filters. The first, a

modification of the folded filter, will be called the golc-C filter; the second, a modi-

fied fan filter, is called the Solc-D filter. The number of plates is taken to give

approximately the same width as the Solc-A or Solc-B filters and the Lyot filter

given in Figure 8. Figure 8 shows the transmission profile of the §olc-C and

§olc-D filters as well (th2 two are identical). "I he parasitic transmission is indeed

much lower than tha! for the Lyot filter.

Table 11. Composition of the Solc-C Filter

Orientation Thickness Retardati-aElement (deg) (mm) (6563. 73 A)

Polarizer 0.0
Calcite 1.5 1.546787 399.5
Calcite 358.2 1. 546787 399.5
Calcite 2.0 1.546787 399.5
Calcite 357.7 1. 546787 399.5
Calcite 2.5 1.546787 399. 5
Calcite 357.2 1. 546787 399.5
Calcite 3.0 1. 546787 399.5
Calcite 356.7 1.546787 399.5
Calcite 3.5 1. 546787 399. 5
Calcite 356.5 1.546787 399.5
Calcite 3.2 1. 546787 399.5
Calcite 357.0 1. 546787 399.5
Calcite 2.7 1. 546787 399.5
Calcite 357.5 1. 546787 399.5
Calcite 2.2 1.546787 399.5
Calcite 358.0 1. 546787 399.5
Calcite 1.7 1.546787 399.5
Calcite 358.5 1, 546787 399.5
Polarizer 90.0

Operating Temperature = 42. 0C
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Table 12. Composition of the olc-D Filter

Element Orientation Thickness Retardation
deg) (mm) (6563. 73 A)

Polarizer 0. 0 1. 548723 400
Calcite 1.5 1. 548723 400
Calcite 4.7 1.548723 400
Calcite 8.5 1. 548723 400
Calcite 12.7 1. 548723 400
Calcite 17.5 1. 548723 400
Calcite 22.7 1. 548723 400
Calcite 28.5 1. 548723 400
Calcite 34.7 1.548723 400
Calcite 41.5 1.548723 400
Calcite 48.7 1.548723 400
Calcite 55.5 1.548723 400
Calcite 51.7 1.548723 400
Calcite 67.5 1.548723 400
Calcite 72.7 1.548723 400
Calcite 77.5 1.548723 400
Calcite 81.7 1.548723 400
Calcite 85.5 1. 548723 400
Calcite 80. 7 1.544723 400
Polarizer 0.0

Operating Temperature = 42. 0°C

3.3.2 TRANSMISSION FOR OFF-AXIS RAVS

In his papers, §olc points out that the off-axis behavior is similar to that for a

non-wide-arnsle Lyot filter. This can easily be understood for a Solc-A or -C filter,

but not for a 9olc-B or -D filter. In order to examine the off-axis properties more

closely, the transmission profiles of the filters described in Sec. 3. 3. 1 were de-

termined for a ray incident at 1 deg to the normal at azimuths (a) (see Sec. 2. 2)

of 0. 0, 2. 5, 45.0, 67. 5, 90. 0, 112. 5, 135. 0, and 157. 5 deg. Table 13 gives the

resulting wavelength shift )f the main transmission peak with respect to the peak

position for on-axis rays. It shows that the maximum displacements for qolc-B

and -D filters are approximately 20 percent less than those for the 9olc-A and -C

filters, which results in a 10 percent increase in usable angular aperture for the

B and D filters. The golc-B and -D filters have a larger usable angular aperture

than the Lyot filters.

An altered version of the C filter was also Lomputed. This version, called

olc CC, inserts a "rotator" between the ninth and tenth element of the filter. This
rotator rotates the direction of polarization of incident light 90 deg or, more

exactly, rotates the Poincar6 sphere 180 deg around the axis that is at right angles

to the circle of perfect polarized light. In the- Jones calculus (1941), such a rotator

is represented by the matrix

_____ .. . . . __ , ,,--a-mm . - - -.
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Table 13. Shift of Transmission Band in Angstroms for Off-Axis Rays Incident
at 1 deg to the Normal for Five Types of Solc Filters. The peak wavelength is
near 6563 A

Azimuth Solc A Solc B Solc C Solc D Solc CC
deg)

0 -0. 33 +0. 02 -0. 33 +0. 02 +0.01
22. 5 -0. 23 -0. 18 -0. 23 -0. 17 +0. 02
45 +0. 02 -0. 26 +0. 02 -0. 25 +0. 02
67. 5 +0. 26 -0. 18 +0. 26 -0. 17 +0. 02
90 +0. 36 +0. 02 +0. 36 +0. 02 +0. 01

112.5 +0.26 +0.22 +0.26 +0.21 +0.02
135 +0. 02 +0. 29 +0. 02 +0. 28 +0. 02
157. 5 -0. 23 +0. 22 -0. 23 +0. 21 +0. 02
180 -0. 33 +0. 02 -0. 33 +0. 02 +0. 01

(2 0) 
(16)

which can be inserted into Eq. (7) at the appropriate location. By rotating all the

elements of the filter on one side of this rotator (including the polarizer) 90 deg,

one then obtains a filter that has the same on-axis transmission characteristics as

the original filter. In this modified filter the axes of the birefringent plates are

crossed so that one may expect an increase of the filter's usable aperture as in the

case of the Lyot filter. Table 14 lists the elements of this wide-angle modification

of the &olc-C filter. Two quartz A/2 plates placed 45 deg to each other act here as

the 90-deg rotator. The last column of Table 13 gives the computed off-axis dis-

placements for this filter. There is indeed an improvement of a factor of about 16,

or of a factor 4 in the diameter of the usable aperture. For a filter with quartz

elements, this factor presumably will be even better, as is the case for a Lyot

filter.

The displacement of the transmission band is, hovever, not tL', only criterion

that defines the usable filter aperture. Another requirement is th-., the transmission

profile within this aperture does not change too much from that for the on-axis

rays. This requirement is not fulfilled for the types B, D, and CC olc filters.

It will be shown in Sec. 3. 5 that the retardation of the individual plates in olc

filters has to be the same within very close tolerances. When this is not the case,

a serious deterioration of the transmission profile results. The retardation changes

rapidly for off-axis rays in the types B, D, 3nd CC filters due to the large changes

in the azimuth a . The result is a poor transmission profile. On the other hand,

the changes in a are small for types A and C filters, hence the good off-axis

profiles. Figure ) shows two examples for off-axis profiles with types CC and
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Table 14. Composition of the olc-CC Filter

Orientation Thickness Retardation
(deg) (mm) (4563. 73 A)

Polarizer 0. 0
Calcite 1. 5 1. 546787 399. 5
Calcite 358. 2 1. 546787 399. 5
Calcite 2. 0 1. 546787 399. 5
Calcite 357. 7 1. 546787 399. 5
Calcite 2. 5 1. 546787 399. 5
Calcite 357. 2 1. 546787 399. 5
Calcite 3. 0 1. 546787 399. 5
Calcite 356. 7 1. 546787 399. 5
Calcite 3. 5 1. 546787 399. 5
Quartz 22. 5 0. 036454 0. 5
Quartz 67. 5 0. 036454 0. 5
Calcite 86. 5 1. 546787 399. 5
Calcite 93. 2 1. 546737 399. 5
Calcite 87.0 1. 546787 399. 5
Calcite 92. 7 1. 546787 399. 5
Calcite 87. 5 1. 546787 399. 5
Calcite 92. 2 1. 546787 399. 5
Calcite 88. 0 1. 546787 399. 5
Calcite 91. 7 1. 546787 399. 5
Calcite 88. 5 1. 546787 399. 5
Polarizer 0. 0

D filters. For both curves the wavelength displacement is tolerable, but the pro-

file deterioration is not.

The folded Solc filters are definitely superior to the fan filters in off-axis

transmission. A simple wide-angle configuration, as tried above for the type CC

filter, is not usable because of the profile deterioration for off-axis rays. One

probably has to go to the laborious work of making each individual element of a

§olc filter a wide-angle element, as is normally done in a Lyot filter, in order to

obtain a wide-angle golc filter (§olc, 1959).

3.4 L.yot Filters with Imperfect Polarizers

Giovanelli and Jefferies (1954) analyzed the influence of the use of imperfect

polarizers on the performanLe of Lyot filters. They came to the surprising result

that a slight imperfection of the polarizers can actually improve the performance

of the Lyot filter if this performance is defined as the ratio of the total transmission

Tm in the main filter band between the first minima on either side to the total

transmission in the secondaries T
P
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From the same paper we used the following equations for the ratio T p/Tm

Tp/Tm = 0. + 0.61 P2 +Np 2  (17)

for a filter with N plates whose retardation directions are parallel (to be called the

"parallel filter"'). and

Tp/Tm = 0.11 - 0.61 2 (17a)

for a filter in which the retardation direction of each plate is perpendicular to that

of its immediate predecessor (the "crossed filter"). The term P2 has been

defined in Sec. 2. 1 as the square root of the ratio of the intensity transmittances

of the polarizer for light polarized in the unwanted and wanted directions. Equa-

tion (17) shows that, for the parallel filter, T p/T increases for increasing P2pm2

thereby deteriorating the filter performance. From Eq. (17a), it follows that,

for the crossed filter, Tp /T first decreases with increasing P2 and only starts

to increase for larger values of p. . The ratio T p/Tm is minimum when P2 * 0

at

P2  0. 305/N (18)

.his means that the use of high-transmission polaroid polarizers which, conse-

quently, have a rather large cross transmission P2 will not only improve the

absolute transmission at the primary peak but will also suppress, in relative im-

portance, the parasitic transmissions.

Since this result was viewed skeptically by many, we decided to verify it with

the present ray-tracing program. A four-element Lyot filter which had a I A
halfwidth near 6563 A was examined. The optimum P2 for this filter, according

to Eq. (18), is 7. 6 percent. The transmission was then computed for a filter with

P2 -0 percent, and for a parallel and crossed filter with P2 = 7. 6 percent. The

top portion of Figure 10 shows the resulting transmission profile for the P2 = 0

percent filter, and the bottom portion shows the differences in transmission from

this profile for the parallel and the crossed filter. It is indeed clear from Fig-

ure 10 that the transmission in the main band is increased for the crossed filter

while there is a small decrease in the parasitic transmissions. The opposite is

true for the parallel filter, so there is at least a qualitative agreement with the

prediction. The difference in T p/Tm between the P2 = 7. 6 percent and P2 = 0

percent filters was also determined with the following results:



-0 0q 2 0 8
-- a

t4'4F
4-0

44,

-f

al. 0

t

0.t

- 10 -

- I
p~got



34

A (T pT) : -0. 074

for the paralle' filter, and

M Tp/T m ) = -0. 016

for the crossed filter ir reasonable agreement with the values predicted from

Eqs. (17) and (17a) which give +0. 070 and -0. 023, respectively.

The prediction by Giovanelli and Jefferies is correct. I:. the design of Lyot

filters this property should be kept in mind since the use of imperfect polarizers

often could result in a greatly improved transmission of the filter.

15 Taekw cs 1w Sue Fiters

3.5. 1 INTRODUCTION

In this section we will examine the tolerances that are required on the thick-

nesses and orientations o the retardation plates in a §olc filter. Experience so

far has indicated that these tolerances probably have to be much smaller than those

required for Lyot filters. Evans (1963) found, for example, that a §olc-A filter

with a tolerance of * 1/40 order on the plate thicknesses and ±10 min on the plate

orientations had a transmission curve which was very different from what one

would have expected theoretically. For Lyot filters these tolerances are well

within the generally accepted tolerance limits [±1/20 order in thickness (Billings,

et al., 1951) and ±39 min (Giovanelli, et al., 1954)] . For this 9olc filter they

were evidently too large.

In the following, the influence resulting from small variations in the plate

thicknesses and orientations on the ratio T p/T will be determined (see Sec. 3. 4

for the definition of T p/T m ). This will be done with the present ray-tracing pro-

gram since an analytical determination seemed to be too complicated. A third

important tolerance, namely the accuracy within which the optical axis of the crystal

has to lie in the element's surface, could not be treated with the present program.

3.5.2 TOLERANCES IN THE PLATE ORIENTATION

In ordpr to study the .,hanges in T p/T m , we introduced errors in the angles

of the golc-C filter plates as listed in Table 11. These errors were introduced by

adding angles which were gene -ited at random between -8 and +8 degrees,

where 5 represents the tolerance on the plate orientation. These small errors

in the orientation were generated in the (-8, +8) interval such that they have equal

probability of occurring anywhere in this interval. In reality, error-distribution

may be quite different from this rectangular distribution. However, as long as the

actual distribution is unknown, the rectangular one seems to be as good as any.
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Table 15 lists the values for TP/Tn: as computed for 6 = 0. 0. 0. 5. and 2. C

deg. They represent averages of the results of three computations, each using an

independent set of random errors. All tl. - data are also shown in Figure 11. The

Tm is always defined as the total trnsmnis-on in a wavelength band which has as

its width the distance between the first minima as measred for the filter with

6 = 0, and which has a position such that T. is maximum. Consequently: this

position may deviate slightly from the position for the 6 = 0 deg filter. The Tp is
defined as the total transmission outside this band.

Table 15. Influence of Errors in Plate Orientation and Thickness on T p/T m

ToleranceFilter __ _ _ _ _ __ Tp/Tm

Thickness (order) Orientation (deg) M

olc C ±0.00 ±0. 0 4.5

§olc C ±0.00 ±0.5 5.3
.olc C ±0.00 ±2.0 23.5

§olc C ±0.01 ±0. 0 20.1

golc C ±0.05 *0.0 374. 4
Solc A(5) ±0.00 ±0.0 8.5

§o1c A(5) ±0.02 -0.0 25.8

.olc A(15) ±0.00 ±0.0 21.6

.olc A(15) ±0.02 ±0.0 64.2

.olc A(45) ±0.00 ±0.0 27.4

golc A(45) ±0.02 ±0.0 248.2

A tolerance of 6 = 0. 5 deg seems to influence the performance of this type of

§olc filter very little. This is rather remarkable since it represents a very large

fraction of the orientations of the plates with respect to each other. In reality an

orientation tolerance of ±0. 2 deg and better is attainable without much difficulty.

From Figure 11 it may also be seen that one of the computations at 6 = 0. 5 deg

actually resulted in a T /T = 4. 0 percent, which is smaller than T p/T for

the 6 = 0 deg filter. This shows that the angles listed in Table 11 are not the

optimum orientations for this filter, at least when this optimum is defined by the

T p/T m . When %%e define the Tm as the transiission in a band with a width equal

to the halfwidth of the main band, this particular 6 = 0. 5 deg filter turns out to be

worse than the 6 - 0 deg filter.
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3.5.3 TOLERANCES IN THE PLATE THICKNESS

The same procedure is used for introducing errors in the plate thicknesses.

For the Solc-C filter listed in Table 11 computations are made for tolerances ± A

where A equals 0.00, 0.01, and 0.05 orders. Table 15 lists the averages of three

calculations, Figure 11 gives the individual calculations. The usual thickness tol-

erance for Lyot filters, A = 0. 05 , now gives an increase of about 80 times over

the Tlp/T m for a a = 0. 0 filter. The tolerances have to be very much smaller

than those for the Lyot filter. How small they have to be depends on the requirements



37

one puts on the TPIT. For example. if one requires TPITm to be less than

1. 5 times the A = 0. 00 value, one specifies a tolerance sualer than A w 0. 002

orders. As far as mainfactur' capabilities go. this seems quite unattainable

(a = 0. 002 at 5400 A. corresponds to thickness variations of 0. 2 X and 0. 01 1

for quartz and calcite respectively).

Hence, it appears that the performance of a Solc filter for on-axis rays depends

very much on the art of producing birefringent plates of identical thicknesses.

Having made a set of nearly identical plates, the question arises whether one can

optimize the filter transmission by arranging the plates in a proper sequence.

Studying the properties of a Solc filter on the PoincarE sphere, we had the impres-

sion that errors in the thicknesses of the innermost plates would affect the filter

performance more than errors on the outer plates. Calculations for the IS-plate

-§olc-C filter as shown in Figure 12 confirm this. In these calculations the thick-

ness of only one plate was changed by 1/20 order from their perfect value, the

other plates remained unchanged. The resulting T p/T m is actually nearly

proportional to the plate number as counted from the outside of the filter, reaching

81 percent for the ninth and tenth plates at the filter core. In the construction of a

Solc filter, one can therefore gain appreciably in filter performance by placing

the plates that are closest to being identical in thickness neatr the center of the

filter.

The tolerance placed on the plate thickness will also be a function of the num-

ber of plates in the filter. In order to obtain some information about this, we com-

puted the T p/T m for three Solc-A filters with 5, 15, and 45 plates, respectively,

for A = 0.00 and A = 0.02 orders. Table 15 lists the results that are also shown

in Figure 13. The relative amount of parasitic light increases rapidly with the

number of plates used in the filter when the tolerances remain the same. One has

to have a much closer tolerance for filters with a large number of platet, than for

smaller filters. This makes productions of §olc filters even more difficult than

already indicated in the previous paragraph, since one often requires filters with

more than 18 plates.

Notwithstanding these stringent requirements on the plate thicknesses, §olc

has managed to produce an 80-plate filter with reasonably low secondary transmis-

sions (Valni&ek, 1960) which certainly shows the excellent technical capability of

the Aolc group.

4. CONCLUSIONS

The birefringent ray-tracing program described here has turned out to be very

useful for those problems connected with birefringent filters that are hard to
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examine analytically. Machine computations of this type are still very time con-

suming so that filter design, like determining the best orientations for a Solc-C

filter so as to give a minimum T p/T m , would be a major problem. The program

is very suitable for determining the characteristics of a filter whose composition

is given. In the future it should be worthwhile for anyone who wants to design fil-

ters to study the possibility of building an electrical circuit that is analogous to a

birefringent filter. If this could be done in such a way that one could, for example,

determine the "transmission" of this circuit for various vo)tage frequencies, one

would have a very fast and powe-rful tool in testing various birefringent filters.
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In Sec. 3 a good deal of attention was given to Solc filters. There have been

many discussions in the literature aoout the merits of these filters with respect to

the Lyot filter. The great advantage over the Lyot filter is the low number of

polarizers needed. Another advantage is the lower amount of parasitic light, at

least in the §olc-C type filter. The main disadvantage is the difficulty of the pro-

duction of such a filter, especially when a wide-angle filter is wanted. Both the

number of plates and the thickness tolerances on these plates are an order of

magnitude worse than in an equivalent Lyot filter (for a normal size Solc filter of

about 50 plates). Another disadvantage is that the filter's tuning can only be done

by changing the filter temperature or by making each element out of two comple-

mentary wedges (Evans, 1963).

2.5

2.0

I
I

1.0

05-

(a)

0 10 20 30 40 50
NUMBER OF PLATES

Figure 13. Ratio Tp/Tm for Solc-A Filters. Curve (a) for
perfect plates, Curve (b) for filters in which plates have
errors up to 0. 02 orders
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